Investigation of laser properties relevant to the measurement of different physical parameters  Status report, period ending 31 Dec. 1966 by unknown
. I .  * 
. . .  . .  
, - 
TABU --OF CONTENTS 
I. HOLOGRAPHY 
A. Laser Interferograms 
B. "he Sorting of Holographic Information f o r  
Transmission 
C. Pulsed Laser  Holograms 
D. Schlieren Holography-Ray Tracing 
E. Resolution Criteria In Holography 
F. Factors Contributing t o  the Degradation of 
Holographic Images 
11. DYNAMIC MEASURZMENTS 
A. Transducer Calibration 
111. ILUlSTRATIONS 
4 
N 
0 I: -(ACCESSION NUMBER)  79461  
0 
> 5 (PAGES1 (COQEl/ 
-75 
4 
i CR-(?HA8 
INASA CR OR TUX OR A 0  NUMBER1 
35 / 
46 / 
L 
https://ntrs.nasa.gov/search.jsp?R=19670010132 2020-03-16T18:11:53+00:00Z
Laser Interferograms 
R. M. Jones 
I. Introduction 
In the proposed extension of Research Grant NSG 713 of February 
1, 1966, it was proposed tha t  moire fringes might be useful i n  
viewing simple holograms and interferograms. 
proposed which would pass two beams at a s m a l l  angle t o  each other 
through the f i e l d  being investigated. This device would reveal 
t h e  difference i n  path length through two adjacent sections of 
the object thereby determining t h e  gradient of t he  op t i ca l  path 
length. 
gradient) .  
similar t o  the Bates interferaneter  (1). 
was modified t o  study t h e  e f fec t  o f  a schl ieren f ie ld  on t he  holographic 
reconstruction of a grating or of a recorded interference pa t te rn .  
The mechanism by which the reconstruction of the grat ing w a s  formed 
was similar t o  t h e  action of the  Bates interferaneter. 
difference was t h a t  more than two beams were involved. 
An instrument was 
(This might be a measure of, for  example, the  density 
However, it was determined t h a t  th i s  instrument w a s  
Therefore, t h e  invest igat ion 
The pr inc ipa l  
When a schl ieren f ie ld  is  introduced between t h e  hologram 
and the reconstruction, t h e  reconstruction should be d is tor ted .  
One should be able t o  render the  d is tor t ions  i n  a grating v i s ib l e  
by the  moire technique. 
i s  superimposed on the dis tor ted grating. 
In t h i s  method a grating of the same period 
When the undisturbed l i nes  of the recunstruction are parallel 
t o  t h e  l i nes  of the grat ing,  the f ield is evenly illuminated. 
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Where there are d is tor t ions ,  re la t ive ly  broad dark and Ught  bands 
appear which correspond t o  interference fringes. 
grat ing as described above corresponds t o  the use of a grat ing 
t o  reduce t h e  order of a multiple-order interferogram. 
11. Work Perfomed 
The use of the 
- 
A preliminary experiment was perfonaed t o  demmstrate t h e  
production of  a zero or  lcw-order interferogram frm a higher order 
interferogram. 
ak an angle on a photographic p la te ,  which recorded the  interference 
l i n e s  fonaed. 
o r ig ina l  posi t ion,  w a s  a high-order interferogram of t h e  two beams. 
With the  p l a t e  back i n  place i n  the beams, the  same pat te rn  w a s  
incident on t he  p la te .  
produced a s ingle  dark o r  l i g h t  band, which w a s  a zero-order interferogran. 
There w a s  more than one fringe when the  frequency of the l i nes  
( l ines/xa)  was altered by changing the angle of the  beams, or  when 
the recorded interference pattern w a s  t i l t e d  at a s l i g h t  angle 
t o  that produced by the  beams. 
Two collimated laser beams w e r e  brought tcgether 
The p la t e ,  which w a s  developed and returned t o  its 
The two interferograms i n  exact alignment 
These fringes were visible both on the p l a t e  and as a projected 
pa t te rn  behind the  p la te .  
as t o  give a l i n e  frequency of about 50 l ines /m.  When a schl ie ren  
f i e l d  was placed i n  either beam it became c lear ly  visible. 
arrangement w a s  sens i t ive  enough that even t h e  hot air r i s ing  from 
a person's fingers was v i s ib l e .  
by Brooks , Heflinger and Wuerker (2 ) .  
Ihe angle of the  two beams w a s  such 
This 
Similar work has been reported 
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111. Conclusions 
It i s  c lear  tha t  the sens i t i v i ty  of t he  method w i l l  be d i rec t ly  
dependent upon the frequency of t h e  grating ( o r  interference pat tern)  
t h a t  can be reconstructed. For example, with a coarse grating 
a relatively large d is tor t ion  would be necessary t o  move a reconstructed 
l i n e  f r o p a  a posi t ion overlapping a grating l i n e  t o  a posit ion overlapping 
the  space between grating l i n e s .  Work t o  date has been directed 
toward m a k i n g  holograms capable of reconstructing f ine  interference 
pat terns .  
a frequency of  50 lines/mm. E f f o r t s  t o  reconstruct interference 
pa t te rn  w i t h  a frequency of 100 lines/mm have not been successful. 
The f i n e s t  interference pat tern yet  reconstructed had 
Moire fringes have been produced by superimposing the reconstruction 
of t h e  50 l ine/= interference pattern and the  or ig ina l  interference 
pa t te rn  used t o  m a k e  the  hologram. 
t o  allow the  reconstruction t o  fall on a diffuser  i n  order t o  render 
it v i s ib l e  because of the low l i g h t  in tens i ty  of  t he  reconstruction. 
I n i t i a l  attempts t o  view a schlieren field w i t h  th i s  arrangement 
have not been successful, and further work i s  required. 
I V .  Future Work 
In  t h i s  case it w a s  necessary 
-
This investigation is  being continued as a thes i s  top ic  by 
a graduate a s s i s t an t ,  
on t h i s  project ,  but NASA equipment and supplies w i l l  continue 
NASA w i l l  no longer be charged f o r  h i s  t h e  
t o  be used. 
It w i l l  be necessary t o  improve the techniques used t o  align 
t he  reconstructions w i t h  t h e  gratings. 
i n  viewing schl ieren fields using the  50 line/mm interference pa t te rns ,  
After achieving success 
I -  L 
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additional work w i l l  be perfonned to improve the quality of the 
reconstructions. 
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The Sorting of Holographic Information f o r  Transmission 
R.  M. Jones 
I. Introduction 
It has been suggested tha t  it may be of i n t e r e s t  t o  transmit 
the information contained i n  a photograph i n  such a manner t h a t  
the e n t i r e  photograph would appear first i n  poor resolution with 
resolution increasing as additional information is  included. The 
proposed device would sort the  infomation i n  a photograph according 
t o  the  s i z e  of t h e  areas i n  the photograph. The sor ted  information 
could be scanned, such t h a t  information re la ted  t o  t h e  largest 
areas would be transmitted first,  w i t h  information r e l a t ed  t o  smaller 
areas following. It appears t h a t  t h i s  can be done by m a k i n g  a hologram 
at the  point focus of t h e  information beam, as indicated i n  Figure 1. 
1. The l i g h t  and dark areas of a transparency d i f f r ac t  t h e  l i g h t  
and cause it t o  reach t h e  hologram at some distance from the  point 
focus of the undiffracted l igh t .  Apertures, such as represent 
large photographic objects, would d i f f r ac t  t h e  l i gh t  t h a t  passes 
through them by only a small amount, w i t h  t he  grea tes t  d i f f rac t ion  
occurring near t h e  boundaries of t h e  areas.  The smaller apertures, 
those representing s m a l l  photographic objects , would d i f f r ac t  t h e  
l i g h t  through a la rger  angle. 
Thus, t h e  d i f f rac ted  l i gh t  defining t h e  large photographic 
objects w i l l  be found near the point  focus , and t h a t  required f o r  
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defining smaller objects and achievinp: greater resolution w i l l  
be found further away from t h e  point focus. If t h e  hologram is 
reconstructed by scanning, beginning at the  edge of t he  focused 
dot, t he  i m a g e  should slowly build i n t o  the complete picture .  
objects should appear first, and then, as the hologram i s  scanned 
oukward, t he  reconstruction would become more detailed. 
11. Work Performed 
Large 
-
A "focus" hologram was m a d e  of a transparency using t h e  arrangement 
The lens had a focal  length of 25 cm. shown i n  Figure 1. 
transparency w a s  a Kodachrame 35 mm color s l i d e .  The interference 
filter was needed t o  reduce the  intensi ty  of the  reference beam 
t o  approximately the d i f f rac ted  l i g h t .  This f i l t e r  w a s  designed 
The 
f o r  use at normal incidence, but in order t o  reduce the  in tens i ty  
t o  a suf f ic ien t ly  low level, it was used at a rather large angle. 
The hologram plate was exposed for  2 minutes and developed (Figure 
2 shaws the equipnent arrangement f o r  reconstruction). 
w e r e  made on Panatcanic-X, 35 mm strip film. 
a series of reconstructions w a s  made decreasing the aperture of 
the  stop. 
The reconstructions 
In  place of scanning, 
Aperture sizes from 1.650 inch t o  approximately 0.095 inch 
were used. 
of t h e  reconstruction as t h e  aperture was decreased fram 1.650 
inch t o  0.317 inch i n  diameter. 
0.095 inch the qual i ty  of the  reconstruction did deter iorate  ser iously.  
These s m a l l  apertures approached the s i z e  of t he  overexposed area 
on the plate. 
There w a s  no readily noticeable change i n  t h e  qual i ty  
From 0.317 inch t o  approximately 
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The reconstructions had t h e  appearance t h a t  the transparency 
would have when viewed i n  a schlieren system; t h a t  i s ,  t h e  boundaries 
between areas were "lighted up". 
amount of d i f f rac t ion  occurring near t he  boundaries. This w a s  
encouraging, fo r  it indicated t h a t  one could select ively transmit 
information related t o  t h e  boundaries between areas, while transmitt ing 
l i t t l e  infomation re la t ing  t o  the  broad areas of the phutograph. 
The schl ieren e f f ec t  described above would not be observed except 
f o r  t h e  fact t h a t  the  undeviated rays came t o  a focus on t h e  photographic 
p l a t e  and overexposed it. 
i n  t h e i r  proper in tens i ty .  
This was a resu l t  of t h e  greater  
Thus, t h e  undeviated rays were not reconstructed 
After having se lec t ive ly  transmitted t h e  information described 
above, me might be able t o  a r t i f i c i a l l y  introduce "undeviated 
rays" at the receiver such tha t  t h e  reconstructed photograph would 
have the  same appearance as t h e  or ie inal .  A more promising method 
of doing t h i s  would be t o  use another point focus at t h e  receiving 
s t a t i o n ,  but t h i s  time use a graded f i l ter  t o  suppress t h e  in tens i ty  
of t h e  most highly d i f f rac ted  rays. 
photographically. 
111. Future Work 
Such a f i l t e r  could be made 
In  the  continuation of t h i s  s t u w ,  attempts w i l l  be m a d e  t o  
spread t h e  diffracted l igh t  over a larger  area,  perhaps by usin(: 
a lens of longer focal  length. 
t es t  of t he  proposed method. 
lenses w i l l  be tested. These w i l l  produce a l i n e  focus ra ther  
than a point  focus. A hologram of t h i s  type could be swept i n  
This should allow a more c r i t i c a l  
Later it i s  expected t h a t  cyl indrical  
-0- 
a recti l inear pattern rather than i n  a circular pattern. A t  an 
appropriate t i m e ,  tests w i l l  be made of the  proposed methods of 
restoring the l i ght  intensity distribution of the or ig ina l  photograph. 
I 
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Fblsed Laser Holograms 
Robert H. Gibbons 
N i 7  1 9 4 6 4  
I. Introduction 
Pulsed laser holograms were first achieved i n  1965 by two 
independent research groups: A. D. Jacobson and F. J. McClung of 
Hughes Research Laboratory ( 3 )  and R. E. Brooks, L. 0. Heflinger, 
R. F. Wuerker and R. A. Briones of TRW Systems ( 4 ) .  
used the  two beam system of Leith and Upatnieks with &-spoiled 
ruby lasers as t he  coherent l i gh t  source. The exposure t i m e  fo r  
t h e  pulsed laser holcgrams is of the  nanosecond range, while conventional 
gas laser holograms require time exposures o f  10 t o  30 seconds. 
Both groups 
Thus, t he  pulsed laser hologram can record a t rans ien t  phenomenon 
that would be l o s t  t o  gas laser holograms. Rifle bu l l e t s  have 
been captured i n  fl ight,  and, using interferometric techniques, 
t h e  bow shock waves  formed as the  bul le t  passes through d r  have 
been photographed and quantitatively measured wi th  pulsed laser 
holograms ( 5 ) .  
11. Work Performed 
The work on pulsed laser holograms at the  Graduate I n s t i t u t e  
of  Technology has included duplicating t h e  systems of  Jacobson 
e t  al .  and Brooks e t  al. ( 4 )  and improving upon them t o  obtain 
hi@ qua3ity holograms t h a t  can be reconstructed with gas lasers. 
The systems mentioned above were set  up using focusing opt ics  t o  
collimate and enlarge the beam c d n g  frcan t h e  ruby laser. 
i n  sane cases first order reconstructions were obtained with these 
Although 
I 
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systems, the  images were not distinguishable. 
w i t h  Mr. Marvin Sachse of Korad Inc. (who manufactured the  K IQ-P 
ruby laser used i n  these experiments) established t h e  fact  that  
focusing the 75-100 megawatt beam i n  a i r  would ionize the  air at 
the point of focus and would disrupt the  coherence of the  beam 
thereby m a k i n g  qua l i ty  holograms more d i f f i c u l t  t o  a t t a i n .  It 
was then decided t o  build a vacuum chamber that would permit t he  
beam t o  be focused i n  vacuo during collimation and t o  use a pinhole 
t o  "clean up" ( spa t i a l ly  f i l t e r )  the  beam during collimation. Such 
a chamber w a s  b u i l t  , as sham i n  Figure 3. The beam enters  through 
lens  L l ,  is focused by t h i s  lens on a pinhole and exits the chamber 
through lens I2. The chamber collimates and enlarges the  beam 
emitted by the  ruby laser. 
A private correspondence 
Prom the chamber, t h e  beam then traverses 
the op t i ca l  system under study. 
A pinhole mount was designed and b u i l t  which permitted mution 
along three axes t o  align the pinhole w i t h  the  focused laser beam. 
The pinholes were made by firing the  
s t a in l e s s  steel foil mounted i n  t h e  movable pinhole mount. 
w a s  not used i n  making the pinholes. 
and the chamber was sealed and evacuated. 
t o  se lec t  t h e  best mater ia l  for the  pinholes (materials which would 
not be destroyed upon successive firings of t he  l a s e r ) .  
materials tested ( s t a in l e s s  s t e e l ,  n ickel ,  nichrane V ,  brass, and 
alwninm), s t a in l e s s  steel was t he  best. 
l a s e r  at 0.010 inch thick 
VacuM! 
The pinhole w a s  l e f t  i n  place 
Tests were performed 
Of the 
The pinholes have not 
yet been used i n  making holograms. 
The duplication of Jacobson and McClung's system is sham 
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i n  Figure 4. 
chamber developed at t h e  Graduate I n s t i t u t e  of Technology. 
t h i s  *t ical  system, holograms of a l i n e  drawing transparency were 
made on Kodak 649 glass p la t e  film ( resolut ion greater  than 2000 
lines/mm) and on Kodak High Definition Aerial Film mpe  50-243 
(resolut ion of 465 lines/mm). The duplication of Heflinger e t  al's 
This system was a l te red  by adding t h e  vacuum pinhole 
From 
system ( 4 )  with t h e  addition of the vacuum chamber i s  shown i n  
Figure 5. 
111. Conclusions 
The vacuum chamber successfully eliminated t h e  problems which 
occurred when the  laser beam focused i n  air. 
successfUl holograms were obtained on both t h e  glass  p l a t e  film 
and the  aerial Mlm. The reconstructed images could be distinguished, 
but  the  image of t h e  hologrm made on glass p la t e  film was more 
d i s t inc t  because of the,higher resolving parer  of that type of 
film. 
With t h e  vacum chamber, 
Studies of the two methods of making pulsed laser holograms 
previously described and the  experimental results obtained at the  
Graduate I n s t i t u t e  of  Technology have resulted i n  considerations 
of three important laser parameters which must be examined t o  obtain 
high qual i ty  ruby l a se r  holograms. 
of the laser, (2 )  elimination of t h e  longitudinal modes of t h e  
laser, and (3) elimination of the transverse modes of t he  l a se r .  
The coherence length,  AL, can be approximated by t h e  equation 
AL = A t  - e, where At is the  pulse length of the  laser ( A t  = 10 
nanoseconds for  t h e  Korad K 1Q-P laser used i n  these  experiments) 
They are:  (1) coherence length 
1 
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Therefore, the  coherence length and c i s  the speed of l i g h t  ( 6 ) .  
i s  approximately 3 meters. 
t h i s  figure.  
A l l  path lengths m u s t  be kept w i t h i n  
bng i tud ina l  modes of t h e  laser  can be eliminated by having 
equal path lengths and an equal number of ref lect ions f o r  t h e  information 
and reference beams (7) o r  by having t h e  path length difference 
between the information and reference beams equal twice t h e  l a s e r  
cavity length (8) ( f o r  t he  Korad K IQ-P laser, t h e  cavity length 
is 17.5 inches). 
Transverse modes are automatically eliminated by the  K IQ-P 
laser used in these experiments, since it uses a passive c3 spoi le r  
with Cryptocyanine dye. 
energy l eve l  is reached, breaks dawn to permit the  photon beam 
t o  reach the  r e a r  mirror, thereby completing t h e  resonant cavity 
conditions for  las ing action and causing t h e  l a se r  t o  emit one 
g ian t  pulse. The dye breaks down only at a localized area and 
ac t s  as a transverse mode f i l t e r ,  s ince only modes p a r a l l e l  t o  
t he  laser mirrors w i l l  penetrate t h rowh  the  dye ( 9 ) .  
This dye, which is opaque u n t i l  t h e  proper 
The best material  tested for pinholes i s  s t a in l e s s  s t e e l  
f o i l  0.010 inch thick.  Pinholes 0.0005 inch i n  diameter have been 
Obtained but they were destroyed w i t h  as few as t e n  f i r i ngs  of  
t he  laser .  Adjustments of t he  focus are needed t o  improve the 
l i fe t ime of t he  pinholes. 
IV. Future Work -
A technique w i l l  be developed t o  u t i l i z e  t h e  stainless Steel 
pinholes i n  t h e  hologram system. Other  parameters w i l l  be studied,  
t 
, 
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including t h e  following topics:  (1) ef fec t  of vacuum chamber pressure 
On the  qual i ty  of pulsed laser holograms, (2) determination of 
t he  bes t  op t ica l  arrangement t o  obtain high qual i ty  holograms ; 
(3 )  determination of t h e  bes t  film for  pulsed laser holograms, 
taking i n t o  account resolution and film speed; (4) proficiency 
with two dimensional transparencies leading t o  holograms of three 
dimensional objects ; ( 5 )  effect  of a moving object o r  moving photographic 
p l a t e  on the  qual i ty  of t h e  hologram; ( 6 )  e f fec t  of vibration on 
pulsed l a se r  holograms; and (7)  possible applications of t h e  pulsed 
laser hologram techniques t o  high speed schl ieren photography. 
A portion of the  work described above is being investigated 
as a master's thes i s .  
-14- 
Schlieren Holog rapby -Ray Tracing 
Robert L.  Bond 
I. Introduction 
Schlieren techniques have long been used i n  the  s t u w  of 
f lu id  dynamics, especially gas dynamics. 
are limited t o  the  v isua l  study of t h e  t rans ien t  phenmena i n  progress 
o r  t o  t h e  storage of a par t icu lar  time segment of t h e  phenomena 
on film. Either approach presents a gross e f f ec t  which l i m i t s  
t he  detail  i n  which one can study segments of t h e  schlieren field.  
Classical  schl ieren s tudies  
The purpose of t h i s  project is t o  explo i t  t h e  a b i l i t y  o f  
t h e  hologram t o  record a l l  of the information contained i n  the  
rays t h a t  have passed through 8 schl ie ren  f ie ld .  The ava i lab i l i ty  
of these data should permit a more detailed study of t h e  schl ieren 
f i e l d  than has ever before been possible. In  pa r t i cu la r ,  one can 
measure both the angle and direction of deviation of individual 
rays.  
The abi l i ty  of a hologram t o  s to re  information concerning 
t h e  incident angles of rays s t r ik ing  it permits it t o  e f fec t ive ly  
s t o r e  t h e  or ig ina l  object through which these rays pass i n  route 
t o  the hologram. Reconstruction of t h i s  hologram produces t h e  
standard photcgraphic i m a g e  or, by selected techniques, it can 
be reconstructed as a shadowgraph, interferogram, o r  schl ieren 
photograph. 
If,  instead of illuminating the e n t i r e  hologram, a penc i l  
beam of coherent l i g h t  is used t o  scan t h e  hologram, individual 
facets can be reconstructed. By measuring t h e  distance t h a t  t h e  
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spot  of  Light is  deviated by the hologram, determination of t he  
angle of deviation caused by the or ig ina l  object can be made .  
Therefore, t h e  combination of t h e  schl ieren photograph and 
hologram i n t o  a s ingle  emulsion permits t h e  freezing of moving 
phenomena so they can be studied i n  great d e t a i l  (detail  normally 
reserved only fo r  s t a t i c  systems) at any t i m e  a f t e r  t he  actual  
schl ieren f i e l d  has been removed. This technique has t he  same 
high sens i t i v i ty  of standard schlieren systems with t h e  addi t ional  
freedom of knife edge placement i n  t h e  reconstruction rather than  
i n  the  or ig ina l  schl ieren system. I n  addition, t h i s  system permits 
f h e  study of deviations i n  two dimensions from one schl ieren hologram. 
11. Work Performed -
To date the  experimental work has been directed tarard determining 
the  feas ib i l i ty  of using a hologram t o  study the  angles through 
which rays are deviated by an object placed i n  the  information 
beam. To permit a ra t iona l  approach, simple s t a t i c  objects whose 
propert ies  are w e l l  known o r  could be readily determined were used. 
Also, a continuous l a se r  was used ra ther  than a pulsed laser. However, 
t he  s t u w  of constructing sui table  holograms w i t h  a giant pulsed 
laser has been carr ied on simultaneously. It was decided tha t  
t h e  two technologies should be developed separately fo r  the sake 
of simplicity and then combined after problems i n  both techniques 
had been solved. 
Techniques of hologram construction and recons t r u d i o n  were 
studied simultaneously t o  ascertain the  optimum configurations 
of the  op t i ca l  systems and t o  minimize e r r o r  i n  t h e  readout of 
4 -16- 
the  deviated reys and their  correlation t o  t h e  ray deviation by 
t he  or ig ina l  obdect . 
used throughout t h e  s tudies  t o  minimize the  diff icul t ies  associated 
with readout. Otherwise, it would have been necessary t o  scan 
the laser angularly as w e l l  as l a t e r a l l y .  
laser with grea te r  than 50 mW output, the  problems of  reconstruction 
of the  hologram discussed i n  the NsC 713 report  of June 6, 1966 
have been made considerably simpler. 
Para l le l  ca r r i e r  and information beams were 
By t he  use of a continuous 
Another problem that  has continued t o  produce rather high 
e r r o r  i n  t he  reconstructions i s  t h e  serious aberrations present 
i n  the  optics necessary t o  produce the  large diameter, w e l l  collimated 
reference and information beams. To date, t h i s  problem has defied 
a su i tab le  solution, but it i s  hoped tha t  with highly corrected 
collimators and nearly idea l  beam s p l i t t e r s  t he  problem w i l l  soon 
be solved. The m o s t  accurate reconstruction so far was obtained 
with the  apparatus diagrammed in Figures 6 ,  7 and 8. 
eliminated the  tedious alignment techniques necessary w i t h  image 
holography discussed i n  great de t a i l  i n  the previous report .  In  
Figure 6 t h e  collimated reference beam, R, in te r fe red  w i t h  t he  
collimated information beam, I, which had traversed t h e  object ,  
0. The resul tant  interference pat tern was recorded on t h e  f i l m  
P la te ,  HI', which upon processing became hologram LB1. 
7 the hologram, HI, is  reconstructed forming a real first order 
image which interfered wi th  8 reference beam, R ,  at another film 
p l a t e ,  H2'; Upon processing H2' became hologram H2. In Figure 
8 the  hologram, H2, was reconstructed forming a real imwe 0' 
which w a s  t h e  point-for-point analogue of t h e  or ig ina l  object ,  0. 
T h i s  process 
In  Figure 
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This multistep process has not only eliminated the  necessity 
for  prec ise  alignment but has also corrected t h e  inversion of  t h e  
reconstructed image. The 50 mW continuous laser f a c i l i t a t e s  the  
use of an ordered array of  apertures t o  define severa l  pencil  beams, 
permitting detai led analysis of a large segment of t h e  schlieren 
f ie ld  at one t i m e .  This technique i s  outlined i n  the NsG 713 report 
of June 6 ,  1966. 
111. Conclusions 
It has been established t h a t  there  i s  a close correlation 
between the angle through which a l i g h t  ray i s  deflected by an 
object and t h e  corresponding ray i n  an image hologram of t h e  object.  
It has also been established t h a t  by using a multi-stage construction 
and reconstruction process a regular Fresnel hologram reconstruction 
produces an i m a g e  t h a t  is a point-to-point analogue of the or ig ina l  
object  and therefore produces the same close correlat ion.  It has  
been found tha t  there  are errors introduced by poorly collimated 
beams and proposed techniques for minimizing these e r rors  have 
been maae. 
I V .  Future Work 
The experiments performed thus fa r  w i l l  be  redone using corrected 
collimators t o  eliminate t h e  major cause of e r r o r  i n  t h e  ray t rac ing  
procedure. After t h i s  correction i s  made ,  other sources of e r r o r  
w i l l  be determined and either eliminated o r  capensa ted  fo r  mathematically. 
With the  optimized system, t h e  study w i l l  be extended t o  
slow moving f l u i d  systems i n  which the  motion can be "stopped" 
by a simple mechanical pulsation of the continuous laser beam. 
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A study w i l l  be made t o  determine what information can be 
obtained from t h i s  two dimensional schl ieren hologram of a "stopped" 
motion, how favorably t h i s  information content compares with c l a s s i ca l  
schl ieren photographs, shadowgraphs and interferograms, and what the  
l imi ta t ions  of the schl ieren hologram technique a re .  
i n t e r e s t  is  the poss ib i l i t y  of extendinpr the technique t o  a t h i r d  
dimension. In  t h i s  case a second information beam passes through 
the  ob3ect orthogonal t o  the first beam. 
w i t h  a reference beam e i the r  on a separate photographic p l a t e  o r  
on the same p la t e  as the i n i t i a l  holoeram. This adds two more 
degrees of freedom t o  the infomation knam. However, the four 
degrees of f'reedam are not independent and therefore condense t o  
the  standard three cartesion coordinates. 
O f  pa r t i cu la r  
The beam then in te r fe res  
There is  a poss ib i l i t y  t h a t  by cer ta in  three  dimensional 
matrix array techniques a digital  ccmputer could be used t o  incrementally 
t r ace  the rays throughout the volume defined by the  two holograms. 
This would be completely analogous t o  t racing rqys through a highly 
complex opt ica l  system w i t h  various interfaces ,  pertubations and 
re f rac t ive  indices.  
The ultimate use of these techniques fo r  detai led study of 
fast moving f lu id  systems w i l l  require a giant-pulse ruby laser. 
Study of the techniques of giant-pulse l a s e r  hologram production 
w i l l  continue concurrently w i t h  the above research. A t  the  time 
t h a t  both techniques are perfected the two w i l l  be ccmbined t o  
permit detailed studies of most dynamic flow systems. 
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Resolution Criteria i n  Holocraphy ~ 6 7  l rLi  
Jack G. Dodd and Landy Dayel 
I. Introduction 
As a laboratory curiosi ty ,  holography has come a long way 
from the i n i t i a l  s tudies  by Gabor ( l o ) ,  but as a method of photography 
it has been severely r e s t r i c t ed  by the  theore t ica l  requirements 
of  a coherent l i gh t  source and a hich-resolution recording medium. 
Both of these requirements can be  relaxed t o  some degree by proper 
experimental design (11, 12).  The present study has been directed 
toward an evaluation of t h e  e f fec ts  of varyinf! the  resolution capabi l i t i es  
of  t h e  holographic recorder t o  determine what types of holographic 
systems are best su i ted  t o  t h e  production of  acceptable holograms 
on relatively low resolution media. 
The eventual goal of t h i s  project w a s  forecast  i n  an e a r l i e r  
report (13) where it w a s  shown that  same types of op t ica l  information 
could be transmitted with a narrower time-bandwidth as t h e i r  Fourier 
transforms (holograms). 
object beam reconstruction (with reduced resolution) of t h e  e n t i r e  
image can be obtained by i l l m i n a t i o n  of only pa r t  of t he  hologrem. 
(Diffused beams were not used i n  t h i s  study.) 
of such a technique i n  telemetry i s  obvious. 
implementation m u s t  re ly  upon a thorough understanding of which 
elements of  the t o t a l  recorded hologram are really e s sen t i a l  t o  
a successful reconstruction. G r a n i t e  t ab les ,  high parer  l a se r s  
and super-high-resolution p la tes  have a l l  been invoked as necessary 
Also,  i f  a hologram is m a d e  using a diffused 
The poten t ia l  value 
However, i ts  ef fec t ive  
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equipment ( 1 4 ) .  There i s  no doubt t ha t  holography is  easy with 
such equipment, but t h i s  does no t  t e l l  one i n  w h a t  w a y s  a hologram 
can be poor and s t i l l  produce a sat isfactory reconstruction. Since 
transmission of a hologram using a l imited time-bandwidth product 
w i l l  cer ta inly degrade it i n  a manner related t o  the  scanning' procedure, 
it is necessary t o  determine which kinds of degradation are "preferable" 
and which kinds m u s t  be avoided. 
The plan of work adopted w a s  t o  choose a set of well-defined 
objects whose theo re t i ca l  transformation properties were simply 
calculable so t h a t  d i rec t  quantitative comparison between theo re t i ca l  
predictions and experimental resul ts  could be made whenever desirable,  
and t o  make holograms and reconstructions of these  objects,  va ry iw  
t h e  e s sen t i a l  experimental parameters one at  a t i m e .  
11. Work Performed 
A. Experimental Parameters 
-
The objects chosen were two sl i ts:  one measuring 0.26 mm X 2 mm, 
and one extremely narrow s l i t ,  also 2 mm lonE; two Ronchi rul ings 
of 100 lines/inch and 300 l inesl inch,  masked so as t o  present only 
a f ew (% 20) l i n e s  t o  the  beam; and a picture .  The experimental 
arrangement used for  both generation and reconstruction of t h e  
holograms is shown i n  Figure 9. 
and Upatnieks (15) w a s  emplqyed, with beam angles of  approximately 
The reference-beam method of k i t h  
five degrees. The reference beam w a s  derived not by a beam s p l i t t e r  
but  by re f lec t ing  p a r t  of t h e  beam UsinR two f i rs t -surface mirrors. 
This method avoids t h e  multiple-reflection problem but  requires 
a good large lens t o  collimate a beam, even f o r  t h e  small objects 
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used i n  t h i s  study. Both reference and object beams were accurately 
p a r a l l e l  and equal i n  in tens i ty  t o  simplif’y the  theo re t i ca l  s t u d h s  
planned. The laser w a s  an inexpensive O!CI 0.3 mw He-Ne un i t ,  which 
served admirably while it lasted, which was only about 100 hours. 
For convenience and econany, 35 nnn Kodak high c o n h s t  copy 
film w a s  chosen t o  record the  holograms. This film allowed the  
use of a 35 nm Exa s ingle  lens ref lex camera body which grea t ly  
f a c i l i t a t e d  focussing and speeded up t h e  a c t ~ d .  hologram-making 
process. Reconstructions were made by removine; t h e  reference beam 
mirror,  replacing the  object by the hologram and moving the camera 
l a t e r a l l y  on the  cross-slide t o  intercept the  reconstructed real 
image. Panatornic -X film was employed f o r  reconstruction. Since 
the objects used were s t ep  functions i n  in tens i ty ,  nothing could 
be determined about grey scale  reproduction but only resolution 
i n  the Rayleigh sense (16). 
B. Program 
The basic study consisted of making t h e  best possible hologram 
o f  each object on a sca le  t h a t  permitted recording the  cent ra l  
max imum and at least the first three d i f f rac t ion  orders on each 
side of t he  maximum. 
out  t o  determine t h e  effect of t h e i r  loss on the qual i ty  of t h e  
reconstructed image, using the  known properties of the  object as 
a guide. 
order t o  be transmitted consists of a cer ta in  number of b i t s  and 
it is obviously desirable t o  transmit as f e w  orders as permissible. 
In reconstruction, various orders were masked 
From t h e  point of v i e w  of telemetry each d i f f rac t ion  
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C .  Data 
The first object,  shown i n  Figure 10 i n  reconstruction, w a s  
a s l i t  so narrow tha t  only t h e  central  maximum of t h e  d i f f rac t ion  
pa t te rn  f e l l  on t h e  film. It is evident t h a t  t h e  s l i t  reconstructs 
as a sli t .  In evaluating the  qual i ty  of t h e  reconstruction it 
should be kept i n  mind tha t  focus of t h e  reconstruction is  c r i t i c a l ,  
and 8 s l i g h t  departure of t h e  film f ran  normal incidence causes 
noticeable aberration. What is  important is  t h a t  only t h e  cent ra l  
d i f f rac t ion  order of t h e  object i s  necessary t o  permit a recognizable 
reconstruction of a s l i t .  This case w i l l  be discussed l a t e r  i n  
the report .  The second object,  shown i n  Figures 1 1 A  through 11E,  
w a s  a sl i t  m e a s u r i n g  0.26 ntm X 2 mu, 
The following convention w i l l  be used t o  simplify discussion: 
i f  the  central  maximum and each of t he  first d i f f rac t ion  orders 
were used f o r  t h e  reconstruction, t h i s  would be denoted by the 
symbol 101. I f  the  cent ra l  m a x i m u m  and t h e  first th ree  orders 
on one s ide were used, t h e  designation would be 0123. If a pa r t i cu la r  
order w e r e  blocked, i t s  place would be taken by a cross, e .g. 1x1 
denotes a reconstruction made using the  two f i rs t -order  sidebands 
but blocking out the  central  max imum.  U s i n g  t h i s  notation the 
s l i t  reconstructions are as follows: 
Table 1 
Fiaure Orders 
11A 01 
10 I 1l.E 
1 1c 012 
1U) 01234 
11E 3210 123 
1I.F 432111234 
. .  
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It is evident there  is*li t t le basia t o  chcose amone; the various 
reconstructions, except t h e  last. Close examination does show tha t  
t h e  e a e s  of t h e  s l i t  i n  Figure 1 l A  are not as sharp as i n  subsequent 
reconstructions.  It is d i f f i c u l t  t o  determine i f  t h i s  effect is  
related t o  the  supression of sidebands o r  is simply a var ia t ion 
i n  focus during reconstruction. In the reconstruction of  t h i s  
slit using t h e  central  order only, t he  s l i t  is  reconstructed, although 
w i t h  some degradation, j u s t  as i n  t h e  case of t h e  narrow s l i t .  
Note t h e  effect  of suppression of t h e  cent ra l  order i n  Figure 1lF. 
The "ghosts" marking the  s l i t  edges would not reconstruct at a l l  
in a perfec t  hologram containinp; a l l  d i f f rac t ion  orders.  
!€!he third object consisted of a 300 line/inch Ronchi rul ing,  
masked down t o  21 l i nes .  This maskins was necessasy t o  prevent 
overlapping of orders on the hologram. Figures 1 2 A  t h rowh  12F 
are reconstructions from a single ho1oP;ram usinK the orders designated: 
Figure Orders 
12A 0 
12B 01 
12c 101 
U D  21012 
12E 3210123 
12F 32111123 
This object has  been most ins t ruc t ive ,  especial ly  since t h e  
theory of formation of exactxv such an image has been treated i n  
detail i n  the l i terature (17). 
Figure E A  shows most graphically what the  contribution of 
t h e  cen t r a l  order is: it defines the  p ic ture  area. However, it 
gives no information about what l i es  within t h a t  area. A l l  such 
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in fomat ion  is car r ied  by the sidebands. In  Figure 12B a s ingle  
sideband has been introduced and now it is possible t o  see t h e  
s t ruc tu re  of t h e  picture .  However, t he  representation is not accurate; 
i n  a Ronchi rul ing,  l i f tht  and dark spaces are equal in width and 
"step-function" i n  in tens i ty .  This  is not at a l l  t he  appearance 
of Figure 12B: the  br ight  l ines  are too  narrow. The addition of 
another first order sideband, as i n  Figure 12C, improves the  appearance 
only s l i gh t ly .  Evidently, first order sidebands enable one t o  
count p ic ture  elements within an area, but  not t o  evaluate in t ens i ty  
d is t r ibu t ions  accurately. 
I? Figure 12D, containing 21012, def in i te ly  shows the  squareness" 
of t he  Ronchi l i nes ,  bu t  the dark areas are s t i l l  too  large. Figure 
12F, containing three  orders on each side of t h e  cent ra l  m a x i m u m ,  
shows an accurate reproduction of t h e  ruling except f o r  sane "noise" 
between the l i nes .  This "noise" is present i n  a l l  reconstrudions 
and is visible i n  t h i s  p r i n t  onky because of s l i a h t  underexposure. 
It is caused i n  pa r t  by film grain. Figure 12F shows t h e  remarkable 
r e su l t  of suppressing t h e  central  order. 
but each l i n e  is doubled. This is predicted by theory. 
The ruliw is  w e l l  reproduced, 
The fourth object was a l so  a Ronchi ruling, 100 l ines/ inch,  
masked t o  present a 7-line object. The complete series is not 
s h u n  because no new information w a s  revealed by it. 
t h a t  are shown, Figures 1% a n d  13, are frm holograms made on 
Kodak high-contrast copy film and Panatomic-X, respectively,  t o  
show the e f fec t  of t h e  holographic recording m e d i u m  on the  qua l i ty  
of reconstruction. The magnifications are unfortunately not t he  
The two photographs 
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sane, but i n  any case t h e  high noise level  of t h e  Panatomic-X 
hologram is evident .' 
Figures 14A and 14B show t h e  reconstruction of ho1op;rams made  
on high contrast  copy and Panatomic-X film; the e f f ec t  of t h e  noise 
is indeed evident. It should be emphasized that the  difference 
i s  not caused by insuff ic ient  resolving power of t h e  Panatomic-X, 
at least i n  the ordinary sense, but rather is  caused by grain s i z e .  
This point w i l l  be discussed i n  the  next sect ion.  
111. Conclusions 
A. The Film 
The first obvious result of these s tudies  i s  t h a t  one can 
m a k e  acceptable holoerams on material other than 649F spectroscopic 
p l a t e s  , but t h a t  something better than a good fine-grain general  
purpose emulsion is needed. One tends t o  blame t h e  film resolving 
power of Panatomic-X f o r  t h e  d i f f i c u l t i e s  encountered i n  i t s  use, 
but as usually defined, t he  resolvine: power i s  adequate f o r  t h e  
objects and beam angles encountered i n  t h i s  study. 
To see t h a t  t h i s  i s  so, consider the  Ceometqy shown i n  Fieure 
15, which shows the  extreme rays from a narrow s l i t  impinainc on 
the  hologram plane t o  form an interference pa t te rn  w i t h  t h e  reference 
beam. The nominal reference beam angle i s  actual ly  a median angle 
between B and y ,  the  extreme angles formed with t h e  p a r a l l e l  reference 
beam by t h e  diffracted object rays. The s p a t i a l  frequency eenerated 
by two coherent p a r a l l e l  beams str iking t h e  surface at angles B 
and y is 
cos B - cos y w =  
i 
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Ghere w i s  the s p a t i a l  frequency t h a t  m u s t  be recorded on the 
f i l m .  In  a l l  cases employed i n  t h i s  s tu$r ,  t h e  reference beam 
angle f3 is  within 5 decrees of 90 degrees so  cos €3 i s  nearly 0. 
Since t h e  object-hologram distance of ltn is l a rge  compared with 
the  hologram s ize  of 3.0 cm, Y is even closer  t o  90 dearees. 
Therefore, t o  an excellent approximation 
71 
cos B % s i n  (- - 6) 2 
n cos y Q s i n  (- - y )  2 
and 
(2) = y - €3. x w 
O f  course, t h e  sign of w has no significance insofar  as considerations 
of resolving power %re concerned. 
y w a s  apgroximately 0.019 radians, and for t h e  s tudies  reported 
I n  magnitude, t h e  maximum value of 
here,  8 never ranged far from 0.05 radians. 
With A = 6328 8, 
w '* 110 lines/=. (3) max 
This i s  within the  resolving power of Panatomic-X by 8 fac tor  
of two. 
only twice t h a t  of Panatomic-X, and Panatomic-X should be good 
Since t h e  resolving power of hiKh contrast  copy fi lm is 
enough, it i s  obvious t h a t  t h e  difference between holoerams made 
on t h e  two media cannot b e  explained on t h i s  bas i s .  
for t h e  difference i s  the  grain s i z e .  
The reason 
What needs t o  be explained 
is  why a grain s t ruc ture  considered excellent i n  ordinary photography 
i s  completely unacceptable i n  holography. 
The explanation rests i n  t h e  mathematical propert ies  of the 
Fourier transform, of which the  reconstruction of a hologram is 
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the  op t i ca l  analogue i n  two dimesions. Briefly,  hieh s p a t i a l  
frequencies i n  a hologram reconstruct as low spatial frequencies 
i n  the  f i n a l  image, and conversely. I n  Panatmic-X the  e r a i n  s i z e  
is  suf f ic ien t  t o  s c z t t e r  some of the  reconstructinc beam as i f  
it were a holographic pattern' frcm some oriRinal object.  
t he  object t h a t  would Eenerate such a hologram i s  simply a f a i r l y  
coarse pat tern of random noise, and t ha t  is  exactly what i s  reconstructed 
fram such a hologram. 
I n  f a c t ,  ----- 
Naturally, any emulsion has sane grain.  However, t h e  f ine r  
t h e  grain t h e  la reer  t h e  mottles i n  t h e  reconstructed noise w i l l  
be u n t i l ,  i n  the  case of contrast process f i l m  and especially the  
649-F spectroscopic p l a t e s ,  the mottles are  so  large that  they 
overlay each other ra ther  completely and cancel out.  
l eve l  i s  also lowered by the  f a c t  t h a t  hiKh resolution emulsions 
have a much lower inherent fog level  than  ordinary emulsions , and 
so  the  random g r a i n  pat tern i s  almost absent except where exposure 
has occurred. This  i s  far fram t r u e  i n  ordinary emulsions, as 
can be vividly demonstrated by interposinp, an uneqosed, developed 
film of Panatomic-X i n  a laser beam and observing the  in tens i ty  
of the  scat tered l i gh t .  Some image degradation Frobably occurs 
a l so  because of dis tor t ion of t h e  laser beam w a v e  f r o n t  by non- 
uniform f i l m  and emulsion thickness. 
E. The Aperture 
The noise 
In ordinary ap t i ca l  imaging, t h e  resolving power of a system 
i s  determined by t h e  numerical aperture,  defined as t h e  s ine  of 
the  half-angle of t h e  cone of rays accepted by the  objective from 
, 
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a point source on the  axis. I f  Rayleich's c r i t e r ion  f o r  resolution 
is  applied, then  t h e  approximate number of lines/mm of t h e  object 
t h a t  can be resolved i s  eiven by 
N =  D 
1.22 h L 
( 4 )  
ishere D i s  t h e  diameter of  t h e  l imit ing f i e l d  stop ( l ens )  and L 
is  t h e  distance from t h e  object t o  the f i e l d  s top .  I n  holography, 
t h e  hologram i s  t h e  f i e l d  stop. From t h e  diuension of the  holoqram 
and i t s  distance from t h e  object i n  t h e  s tud ies  reported here, 
D/L = 0.015 and N % 50 lines/mm. 
even on hiEh contrast  process film. Sections of t h e  fence i n  Figure 
This resolut ion has been approached 
1 4 A  correspond t o  l i n e  densi t ies  of % 5 lines/mm and obviously 
at least t w i c e  t h i s  fieure could have been resolved. 
C .  Suppression of Sidebands 
From the precedinr: discussion it i s  c l e a r  t h a t  maskiw of 
higher-order sidebands durinc reconstruction i s  en t i r e ly  equivalent 
t o  reduction i n  the  numerical aperture of  the  hologram. For example, 
consider a f a i r l y  wide s l i t  fi l led with l i n e s ,  such as t h e  masked 
Ronchi rul ing shown i n  Figure 12B. The sidebands are spaced at  
distances (18) 
Xn = nXL 
d 
( 5 )  
where L i s  t h e  distance from t h e  object  t o  t h e  holoKram and d is  
t h e  distance between t h e  l i n e s  t o  be  resolved. As Ficure l 2 B  shows, 
a s inc l e  sideband is suf f ic ien t  t o  enable one t o  count t h e  l i nes  
contained, i f  not t o  determine t h e i r  shape. From Equation 5 with 
n = 1, 
-29- 
= XL . *1 7 
If t h i s  first sideband and t h e  cent ra l  order nust both fa l l  
on t h e  hologram then i t s  diameter must be at least  D = X1. 
number of l i nes /un i t  length that t h e  object contains i s  N = l / d ,  
The 
and subs t i tu t ing  these two quant i t ies  i n  Equation 6 ,  
N = ' a  
XL 
Compare t h i s  w i t h  Rayleich's c r i t e r ion ,  Equation 4: they a re  
e s sen t i a l ly  ident ica l .  Another wqy t o  define Rayleigh's c r i t e r ion  
is  t h a t  t h e  system must record a t  l e a s t  t he  cent ra l  order and first 
sideband of t h e  highest s p a t i a l  frequency t o  be reproduced. 
D. Reference Beam Angle. 
The function of t h e  reference beam is t o  provide a "carrier" 
which can be  "frequency-modulated'' by t h e  object ray. The r e su l t i nc  
beam, which i s  t o  be recorded on t h e  holor;ram, w i l l  generally carry 
a range of s p a t i a l  frequencies a t  the  holoqram posi t ion from wr t o  w 
where w i s  the  extreme absolute value of t h e  "beat-frequency" 
between the two beams, e.e. as given by Equation 2 i n  t h e  case 
0' 
0 
of a s m a l l  object ;  and wr 
t o  t he  nominal interference pat tern when no object i s  i n  t h e  beam. 
is t h e  s p a t i a l  freauency corresponding 
To record such a beam, t h e  resolution of t h e  film m u s t  be adequate. 
Also, the  interference frequency must never pass throuch zero, since 
t h e  recording emulsion cannot distinEuish sign but  only m w i t u d e  
of an interference f r i n g e ,  and t h e  reconstructed image would always 
overlap t h e  zero-order recons t ruct inz beam. This i s  equivalent 
t o  a loss of information, and therefore t o  a loss of resolution 
. 
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i n  one sense. This condition was satisfied by more than a factor  
o f  two i n  every case i n  these studies. This overk i l l  w a s  of no 
advantwe; i n  f a c t ,  one w a n t s  w = 0 i f  possible so t h a t  t h e  highest  
s p a t i a l  frequencies t o  be 
f i l m  I s  resolution capabi l i t ies  . 
E. Beam Intensi ty  Ratios 
0 
recorded will'still be we'll w i t h i n  the 
L i t t l e  a t tent ion has been paid by most workers t o  the  r e l a t ive  
in t ens i t i e s  of t h e  two beams. The conditions, i n  f a c t ,  are  not 
c r i t i c a l  and are usually adequately m e t  i n  any reasonable experimental 
a r r w e m e n t .  
stronger than the  reference beam. Nature usually takes care of 
t h i s  autcinatically throwh absorption by t h e  object ( i n  the  case 
of transparency). O f  course one wants the object beam not t o  be 
t oo  w e a k ,  o r  it w i l l  not record w e l l .  
i n  t h i s  case, the  two beams were rather  closely equal i n  in tens i ty .  
F . Laser  Characteris t i c s  
The essent ia l  point is  tha t  t h e  object beam be no 
In t h e  arrangement decribed 
For transparency work, the type of laser w a s  found t o  be 
unimportant except: 
1. It must be intense enoueh t o  permit reasonable exposures 
(0.3 mw was  su f f i c i en t ) .  
2. It must operate i n  a s ingle  transverse mode. Confocal 
mirrors cannot be used unless detuned. 
3 .  
t r a j ec to r i e s  should be small ccxnpared w i t h  the  l a s e r  cavity 
length, o r  at l e a s t  n e a r  an in t eg ra l  multiple of twice t h e  
cavity length. This prevents destructive interference 
The path difference between reference and object beam 
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between different l m i t u d i n a l  Weis ashich cannot normally 
be suppressed. 
I V .  Future Work 
It is  now understood how t o  m a k e  holograms and how t o  predict  
i n  advance what the qual i ty  of a reconstruction w i l l  be, using familiar 
media. 
might produce have not been investicated.  
d i f fe ren t  kinds depending on whether d i g i t a l  or analogue transmission 
i s  employed. 
However, t h e  e f f ec t s  of the  kind of degradation t h a t  telemetry 
One micht expect two 
I n  the  former case the resu l t  w i l l  be essent ia l ly  similar 
t o  introducing "grain" i n  the  hologram, except t h a t  t h e  d i g i t a l  
grain w i l l  be a periodic array instead of a random pat tern.  It 
should be possible t o  remove any kmwn periodic pa t te rn  by imposiw 
t he  inverse pa t te rn  during reconstruction, at least i n  pr inciple .  
Degradation w i l l  come from sampling s i z e  r e s t r i c t ions  and from 
l o s s  of b i t s .  
noise tha t  can be f i l t e r ed  out since i ts  e f fec t ive  frequency w i l l  
be higher than t h e  spatial frequencies t h a t  m u s t  be transmitted.  
However, t he  components of noise i n  the  bandwidth required f o r  
transmission of t h e  holographic information cannot be s o  f i l tered.  
This noise corresponds roughl.. t o  b i t  l o s s  i n  die; i ta l  transmission. 
In  addition, bandwidth r e s t r i c t ions  may at tenuate  higher s p a t i a l  
frequencies. 
d ig i t a l  transmission. 
charac te r i s t ic  kinds of information loss. 
degradation can be "faked" i n  the  laboratory,  and t h e  resu l t ing  
In the  l a t t e r  case, there w i l l  be some "fine-Erain" 
Th i s  corresponds t o  sampling s i z e  r e s t r i c t i o n  i n  
Both kinds of transmission therefore  introduce 
Both kinds of holoEram 
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reconstructions can be evaluated. Some of t h e  proposed techniques 
are : 
A. D i R i  t a l i  z a t  ion 
The noise of d iq i ta l iza t ion  i s  rather d i f f i c u l t  t o  simulate 
accurately. In  actual d ig i t a l  transmission t h e  hologram would 
be represented as a rectangular array of primitive areas, each 
designated by d i g i t a l ,  Dositional and density information. On 
reconstruction, the marks of the dicital "@d" would have t o  be 
erased i n  some manner. 
Since dip;i tal  samplinc of a s ipnal  m u s t  be car r ied  out at 
e, rate at least twice as high as t h e  hichest  frequencies t o  be 
reproduced m d  because t h e  basic grating is a fairly high-frequency 
s igna l ,  t h e  digi ta l  g r i d  necessary for holographic transmission 
m u s t  be f ine.  
an exposed but undeveloped hologram t o  a f ine  s e t  of interference 
fringes, r o t a t i n g  the  holozrm 90 dezrees and re-exposing again 
t o  provide a rectangular screen superimposed on t h e  ho1op:ram image. 
This simulates t o  some extent t h e  noise of s p e t i a l  d ig i t a l i za t ion .  
It does not seem possible by present techniques t o  simulate density 
d ig i t a l i za t ion ,  and theore t ica l  s tud ies  are underway t o  determine 
how serious t h i s  omission w i l l  be. 
It i s  possible t o  qenerate such a g r i d  by re-exposing 
The d i E i t a l  noise can be removed easily durinq reconstruction 
of the hologram. 
higher than twice t h e  ho1op;raphic pa t te rn  , it  w i l l  reconstruct 
(as a rectancular array of points)  spa t i a l ly  en t i r e ly  separate  
from the  reconstructed irnwe. The s i tua t ion  is  analogous t o  the 
In fact  , i f  the dicital crid has a per iodici ty  
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well-known experiment of recordin? two different  holoFzrams on the  
same p l a t e  by s i n e  t w o  different  reference beam a n d e s .  On reconstruction, 
the  two images are spa t i a l ly  separable. 
This should not be construed as saying tha t  a l l  e f f ec t s  of 
d i g i t a l  noise can be s$a t ia l ly  f i l t e red  out. Some decrease i n  
e f f ec t ive  aperture w i l l  result; from t h e  obscuring effect of t h e  
d ig i t a l  g r id ,  and t h i s  w i l l  degrade t h e  reconstruction. The purpose 
of simulation i s  t o  evaluate t h e  seriousness of t h i s  deeradation. 
B Bandwidth Limitation 
In analogue transmission, a l i m i t e d  time-bandwidth product 
m4y  r e s t r i c t  t he  m a x i m u m  frequency that  can be transmitted.  Should 
th i s  attenuate sane of the hicher hologram frequencies, some corresponding 
degradation i n  reconstruction w i l l  ensue. 
one needs t o  record a hologram on an essent ia l ly  grainless  medium 
whose resolving power is  insuf f ic ien t  t o  reproduce t h e  highest  
frequencies. Since the maximum frequency present at the  holoRram 
can be chimeed merely by changiny; t h e  reference beam anP;le, a set 
of holocrams w i l l  be m a d e  from a eiven object using a qroup of 
reference beam ancles t h a t  span the  resolution l i m i t  of an essent ia l ly  
gra in less  medium (possibly a color fi lm) and t h e  e f f ec t  of loss  
of t h e  higher frequencies on reccnstruction qua l i ty  w i l l  be observed. 
C. B i t  Loss 
To simulate t h i s  e f f e c t  
During d i g i t a l  transmission, some b i t s  w i l l  probably be l o s t ,  
i n  t he  sense of being replaced by noise (b i t s  t h a t  do not carry 
p ic ture  information). To simulate t h i s  kind of noise accurately 
, a *  
c 
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is  not easy. 
even on paper, short  of actually performing a noisy transmission 
experiment. 
D. Bandwidth-Included Noise 
A sa t i s fac tory  simulation has not  y e t  been devised, 
This may be the best thing t o  do. 
In analogue transmission, noise t h a t  falls within the  transmission 
bandwidth cannot be f i l t e r e d  out .  Simulation of t h i s  noise can 
be achieved by interposing a p l a t e  during reconstruction containing 
random s p a t i a l  frequencies of t h e  desired bandwidth. 
contrast  w i l l  be  equivalent t o  t h e  noise amplitude. 
p l a t e  can be made i n  t he  following manner: m a k e  several  Gabor holograms 
of an unexposed, developed, f a i r l y  grainy film, choosing t h e  film- 
to-holo&rcrm distance so that the  highest spatial frequencies recorded 
at the hologram are of the  order of the  highest s p a t i a l  frequencies 
of the hologram t o  be reconstructed. 
exposures should produce a select ion of noise equivalent amplitudes 
tha t  can be quant i ta t ively described i n  terms of mean contrast  over 
a p la te .  
The p l a t e  
Such a "noisy" 
A series of widely varying 
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Factors Contributing To The Degradation of Holographic Images 
Georce S. Ba l l a rd  
I. Introduction / 
In  recording and reconstructi% holograms, a number of factors  
have had a Ereat influence upon the  ult imate resolut ion and "eye 
pleasine" charac te r i s t ics  of a Riven ho1op;raphic i m a g e .  In  many 
cases, holographic images were ser iously decraded o r  appeared grainy 
and, at times, t h e  e n t i r e  real imme could not be focused i n  any 
one plane. 
m a d e  from 35mm slides containing a large amount of f i n e  de ta i l .  
It was therefore decided that an attempt should be made t o  i d e n t i e  
the factors which tend t o  degrade the hologram i m a g e  and eliminate 
each of them from the  hologram reco rd iw  process, which would result 
i n  a high qual i ty  i m a g e .  Then each of these factors  could be introduced 
separately and compared with t h e  above "standard" i m a g e  i n  an attempt 
t o  observe t h e  e f f ec t s  of each. 
11. Work -Performed 
These effects became noticeable i n  observing holoprams 
A National Bureau of Standards lens  resolut ion t e s t  chart  
w a s  used as an object. 
Kodachrome fi lm. This resulted i n  a gra in less  transparency which 
contained a series of l i nes  whose spacinf! varied i n  increments 
from 7 t o  52 l i n e  p a i r s / m .  Any degradation i n  the  resolution 
of images of t h i s  obJect would be convenient t o  detect  and evaluate.  
The cha r t  w a s  photoaraphed on Kodak 35m 
Iiolograms of transparencies made w i t h  diffuse i l lumination 
produce images more pleasing t o  t h e  eye than those made by d i r ec t  
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transmission of laser l i g h t  through t h e  transparent object (19). 
Also ,  holograms made with diffuse illumination have t h e  a b i l i t y  
t o  reconstruct t he  e n t i r e  image of scene, even when only a s m a l l  
p a r t  of t h e  hologram i s  u t i l i zed .  However, it has been observed 
t h a t  a l l  of t h e  holograms made local ly  using diffuse i l lumination 
gave images which were as poor i n  resolution and exhibited a hish 
background noise which appeared as "Erain" i n  t h e  images. It was 
decided t h a t  diffuse illumination would not be used i n  the  attempt 
t o  obtain a high qual i ty  l'standard" inwe. 
The e f f e c t  of aperture and film resolut ion have been discussed 
at 1ength"elsewhere i n  t h i s  report .  The aperture chosen fo r  t h e  
standard holwram w a s  suf f ic ien t  t o  insure t h e  resolut ion of t h e  
f ines t  d e t a i l  i n  t h e  object .  Kodak 649-F photographic p l a t e s  w e r e  
chosen f o r  recording t h e  hologram. 
The l i g h t  transmitted or sca t te red  by an object i s  duplicated 
holographically i f  t h e  hologram is  illuminated by a beam with t h e  
exact charac te r i s t ics  of t h e  reference beam used i n  recording the  
hologram. Thus, if one wishes t o  work with the  v i r t u a l  imwe, he 
need only replace t h e  holoeran i n  the  or ig ina l  reference beam and 
i n  t h e  same posi t ion i n  which it w a s  made. I n  t h i s  case, aberrations 
i n  t h e  reference beam are of no consequence as they w i l l  be present 
i n  both the recording and reconstructing processes. I f ,  however, 
the  real i m a g e  i s  recorded and s tudied,  it i s  necessary t o  i l luminate 
t h e  hologram with a beam t h a t  i s  t h e  exact conjugate of t h e  or ig ina l  
reference beam, including aberrations. This can be done f o r  abberation- 
free lenses,  per fec t ly  mounted and aligned. In  t h e  p rac t i ca l  case, 
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however, one can only hope t o  approach t h i s  i dea l  s i t ua t ion .  It 
would seem benef ic ia l  t o  use pa ra l l e l  l i gh t  f o r  t he  reference beam 
fo r  t h i s  study because pa ra l l e l  l i g h t  i s  i t s  own conjugate. No 
lenses would need t o  be moved between record iw t h e  hologram and 
reconstructing the r e a l  i m a g e .  Abberations i n  t h e  system would 
s t i l l  decrade t h e  real i m a g e ,  but these can be minimized. 
a p a r a l l e l  beam four inches i n  diameter and w i t h  a wave f ron t  
f lat  t o  within 1/10 of a wavelencth w a s  used as  t h e  reference beam. 
The imwe formed by using t h i s  beam as a reference and a l so  i n  
reconstruction w i l l  exhibi t  unit  mwnification. This property 
is also desirable ,  as magnifications other than uni ty  introduce 
distortions in the images formed (20). 
Therefore, 
The hologram w a s  made as shown i n  FiEure  l6. Object-to-hologram 
distance w a s  42 1/2 cm, and t h e  reference angle w a s  10.8 decrees. 
The exposure time for t h i s  hologram w a s  1 /2  second. 
t h e  hologram w a s  replaced i n  t h e  reference beam and t h e  real. i m a g e  
w a s  recorded on film. The full  ranqe of l i n e  spacings present i n  
t h e  o r ig ina l  object were resolved. The imaqe was i n  focus across 
t h e  entire pa t te rn .  
Naw t h a t  a hologram had been produced which reconstructed 
a high qua l i ty  image, the  various factors  which were suspected 
of causing degradation of imGes could be introduced i n t o  t h e  system. 
One i t e m  of concern was t h e  possible e f f e c t s  of air currents i n  
e i t h e r  t h e  object o r  t h e  reference beams. Thermal air currents 
were caused t o  flow i n  region k of Figure 16 ,md a hologram w a s  
recorded. The air currents were i so l a t ed  from t h e  reference 
A f t e r  development, 
. 
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beam so as t o  have no effect upon it, Upon reconstruction, t h e  
hologram gave a dim imwe in which no l i n e s  could be resolved. 
The air currents apparently had caused the  l i g h t  passing through 
t h e  object t o  f luctuate  randomly across the fibu p la te ,  preveating 
t he  recording of information. 
!The stme air currents were then caused t o  f l a w  i n  t h e  reference 
beam (region B of Figure 16). These currents were i so la ted  from 
the obJect beam. A hologram w a s  recorded, and upon reconstruction 
it wm noted tha t  lines w i t h  a spacing of 18 line pairs/mm were 
resolved i n  t he  imwe. This resolution was far below tha t  of t he  
"standard" hologram. The degradation of resolution i n  the  image 
was apparent. Although t h i s  resolution w a s  better than f o r  t h e  
case w h e r e  air currents were recorded i n  t he  object beam, it should 
be pointed out that the  reference beam was four inches in diameter 
while the object beam w a s  s m a l l e r  ( 5  UUI by 8 mm) 
t h a t  portions of t h e  reference beam were not affected by the  air 
currents continuously and, when undisturbed, recorded some useable 
infomation.  
f t  appeared 
Whenever diffuse illtlmination had been used i n  recording holograms 
loca l ly ,  resolution had f a l l e n  off  and a grainy background noise 
appeared. Rigden and Gordon (21) state that a grainy backgroud 
is  charac te r i s t ic  of i m a g e s  formed w i t h  d i f fuse  coherent Light, 
and tha t  apparent gra in  s i z e  is  a hrnction of t he  apertuxw of the 
system only. 
appear t o  have approximately a periodic spacing of 2f X/D, where 
D is the width of t he  o p t i c a l  system (Figure 17).  
They also state that var ia t ions or beats in the  i m a g e  
This var iat ion 
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is the &served eranular i ty .  
w a s  apparently caused by coherent l ight  meeting and in te r fe r ing  
at  an angle, $, t o  form an imwe. This angle was determined by 
the  aperture of t h e  system. 
real i m a g e  of an object. 
forxned at plane 1 or plane 2, depending upon how far from t h e  object 
t he  diffuser was placed when the holwram was recorded. 
D, of the hologram and t h e  distance, 2 f ,  from it t o  the  object 
i m e g e  plane determined t h e  extreme angle J, of raJrs meeting t o  form 
an i m a g e  of point P. 
s i z e  t o  completely i l luminate t h e  object and t h e  hologram recording 
plate duriq recording, i t s  distance fmm the object was unimportaut 
as far 88 grain was concerned. It did not af fec t  the  an&e #I* This 
distance affected the  light available f o r  record iw the hologram. 
To confirm these ideas, holograms were made  using Kodak Fine 
The m a o r  port ion of t h e  granularity 
F igme  18 shows 8 hologram and reconstructed 
A real  i m e e  of the  diffuser was also 
The diameter, 
Provided the diff'using material  was of su f f i c i en t  
Gromd G l a s s  as a diffusing medim. 
C, Figure 16. 
The placement of the  diffuser cut dawn on the l i gh t  c a p r i s i n g  
the object beam to such an extent tha t  t he  reference beam had t o  
be attenuated in order t o  preserve the r a t i o  of i n t e n s i t i e s  between 
these two beams. 
minutes, or an increase by a factor  of 240. 
The glass was placed at region 
The diffuser was located 3/8 inch behind the  object.  
Exposure time f o r  t h i s  hologram was two full 
The real i m a g e  obtained from t h i s  hologram resolved l i n e s  
with a spacing of 16 l i n e  pairs/mm. The inwe was more pleasing 
t o  the eye than the holoftrams made without d i f fuse  illumination, 
and the  charac te r i s t ic  granularity was not obvious. By maskine 
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off the outer portions of the hologram w i t h  an iris, the aperture 
w a s  decreased end its e f f ec t  was  noted on t h e  image. 
t h e  gra in  increased, and i n  doing so caused previously resolved 
The s i z e  of 
l i nes  t o  be buried i n  the  gra in  s t ruc tu re  of t h e  imwe. The spacing 
of the  smallest gra in  s t ruc ture  observed was measured f o r  a hologram 
diameter of 1 cm. "his measurement agreed closely w i t h  the  s i z e  
predicted by calculaking 2f A/D. 
1/36 mn while the  smallest l ines  which could be resolved were 1/ll 
The spacing of the  gra in  was approximately 
mu, o r  11 l i ne  pairs/=. It i s  in te res t ing  t o  note t ha t  i n  calculating 
the minimum distance between lines which can j u s t  be resolved by 
an i m a g i n g  system one would use the  formula 
where, for sniall angles, sin 0 is D/4f .  Subst i tut ing,  
is obtained, which is the ident ica l  formula used t o  f i n d  t h e  periodic 
spacing of the  grain.  
i n  t he  image which are of t he  same s i z e  and spacing as t h e  grain.  
If t he  l i n e  spacing i n  t h e  image is considered 86 a s i s a l  frequency 
and the grain as a group of semplim poin ts ,  an analogy can be drawn 
fran camnunication theory. 
can be reconstructed by sampling i f  the  number of samples per second 
exeeeds twice t h e  highest frequency contained i n  t h e  w a v e .  
holograPn image, one can i n f e r  that  t h e  or ig ina l  image frequency 
i n  l i n e  paire/& can be reconstructed i f  the number of samples/mm 
exceeds twice t h e  hQheat  frequency i n  t h e  i m a g e .  
h e  would apparently be looking for details 
Terman (22) states tha t  a s igna l  wave 
In the 
In  the  experiment 
.. 
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performed, a three-to-one r a t io  w a s  required t o  observe any resolved 
l i n e s .  Thus, fo r  t h e  case of diff'use il lumination, the nunerical  
aperture does not determine resolution d i rec t ly .  
determines the  noise level, which i n  turn l i m i t s  the resolution. 
Numerical aperture 
The diffusing mderial w a s  moved t o  a location 5% inches behind 
the object t o  observe i f  there  w a s  any affect upon the grain o r  
upon resolution. 
16. 
w a s  no observable difference between either t h e  resolut ion o r  t h e  
gra in  s i z e  when compared w i t h  t h e  previously discussed hologram. 
A hologram was recorded i n  which the film p l a t e  was exposed 
This locat ion corresponds t o  region D in Figure 
The hologram thus recorded gave a real i m a g e  i n  which there  
for t h ree  equal periods and the diff'wing m a t e r i a l  was moved s l i g h t l y  
between exposures. 
number of sca t te r ing  centers on t h e  diffuser w a s  increased. Again, 
t he  ima,ge obtained showed no signif icant  differences from t h e  others 
recorded with diff'use illumination. 
This should give the  same effect e~ when t h e  
The grain s i z e  apparently is a m c t i o n  only of the aperture 
of the system. 
by increasing the  aperture. 
image and limits the  resolution of the imwe. Two t o  three times 
t h e  calculated aperture is required t o  resolve a given p a i r  of lines 
when diffuse i l l m i n a t i o n  is  used. 
exposure time f o r  recording a hologram w a s  increased appreciably. 
A hologram was m a d e  i den t i ca l  t o  the "standard" hologram, except 
the laser was attenuated so t ha t  t h e  exposure t i m e  w a s  the same 
as fo r  t he  cases w i t h  diff'use i l lumination. The image formed from 
It cannot be eliminated en t i r e ly ,  but can be minimized 
The grain s i z e  masks detail i n  t h e  
W i t h  diffuse il lumination, the 
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t h i s  hologram contained l i nes  w i t h  a spacing of 26 l i n e  pairs/mm. 
Factors such as vibrat ion,  laser i n s t a b i l i t y  and thermal expansion 
or  contraction of components, which are not obvious factors f o r  
r e l a t ive ly  short  exposure times, can becane importar,t as exposures 
become longer. The hologram obtained i n  t h i s  instance resolved 
lines w i t h  only half t h e  spacing as t he  standard hologram, and i t s  
r e s o l v i w  power w a s  better than holograms exposed fo r  the  same time 
i n t e r v a l  but with diffuse IUW-iaation. . 
It w a s  a l so  of interest t o  observe the  e f f ec t s  of air currents 
upon holograms made w i t h  diffuse i l lumination. To do t h i s ,  t h e  
diffusing material w a s  again placed 5% inches behind the obJect 
tr-, mermal air currexts were then caused t o  flaw in 
the reference beam at region B in Figure 16. 
and upon reconstruction it was observed t h a t  l i n e s  w i t h  a spacing 
of 13 l i n e  pairs/mm w e r e  resolved, 
when no air currents were present. 
demonstrated that these currents should de te r iora te  t he  i m a g e ,  it 
can only be speculated t h a t  the disturbance which was introduced 
was of re la t ive ly  minor significance in combination w i t h  t he  other  
factors  area* present.  
A hologram was recorded, 
This is close t o  w h a t  was observed 
Since it has  already been 
The air currents were introduced i n t o  t h e  object beam between 
t h e  diffuser and the  object ,  
C and D of Figure 16. 
a real i m a g e  i n  which l i nes  BS c lose  as 26 l i n e  pairs/rmn were resolved. 
This is t h e  same resolution as w a s  obtained without t he  diffuser. 
The results of p l a c i w  air currents i n  object and reference beams 
This location was between regions 
The hologram thus produced reconstructed 
-43- 
while using diffuse illumination were not as ant ic ipated.  
it appeared as i f  these currents either had l i t t l e  e f f ec t  upon resolution 
o r  else improved it. 
be pure speculation. 
holograms recorded showed no discernable differences i n  any of them, 
and w a s  of no help i n  explaining the r e su l t s .  
especially t o  determine whether t he  hologram obtained w i t h  air currents 
between t h e  diffuser and the  obJect was t h e  result of circumstance 
or i f ,  somehow, the  air currents had t h e  e f f ec t  of averagiw out 
the  grain.  
A t  f i r a t ,  
Any attempt t o  explain these results would 
A microscopic examination of t h e  various diff'use 
Further work i s  required, 
Although not d i rec t ly  associated w i t h  the  above study of hologram 
Wage quality, other work has been perfonned in an effort t o  develop 
proficiency and increme f d l i a r i t y  w i t h  other  types of hologratrrs. 
Holograms have been made  of diffuse objects which exhibit all of 
the three-dimensional character is t ics  of t h e  or ig ina l  scene. A few 
holograms have also been made which can be reconstructed w i t h  white 
light. 
t o  be of good qual i ty ,  they do canpare favorably with examples of 
similar holograms m a d e  i n  other laborator ies .  
111. Conclusions 
Although the images formed from the l a t t e r  are not considered 
A number of fac tors  other  than aperture and f i lm resolut ion 
adversly af fec t  hologram i m a g e  q u a l i t y .  
used t o  form reference beams l i m i t  resolution and m a k e  i t  impossible 
t o  focus the e n t i r e  imwe i n  one plane. Granularity i n  images arises 
from t h e  use of diffuse illumination. 
resolut ion and is irritating t o  t h e  eye. 
Aberrations i n  t he  lenses 
The grain s t ruc tu re  limits 
The qrain cannot be 
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eliminated, but may be minimized by increasing t h e  aperture of t he  
system. Gra in  s t ruc ture  is not affected t o  noticeable extent by 
moving the  diffuser nearer o r  farther from t h e  object.  A i r  currents 
and factors  arisine from long exposure times adversely affect  resolution. 
For t h e  case of diff’use illumination, however, t hema l ly  induced 
air currents did not detract  from t h e  resolut ion and i n  one case 
improved it. 
IV. Future Work -
Further work is required t o  evaluate t h e  e f f ec t s  of air currents 
upon t h e  hologram i m a e e s .  The following series of holograms w i l l  
be made: 
1. A control hologram will be made without artificial air 
currents. No diffuser w i l l  be used. The laser output w i l l  
be attenuated t o  require an exposure time of approximately 
. two minutes. 
2. A i r  currents w i l l  be induced i n  each of several places. 
These w i l l  be i n  t h e  reference beam and a l so  in t h e  object 
beam, both i n  f ront  of and behind t h e  object .  
3. A hologram w i l l  be ma& by u t i l i z i n g  diffuse illumination. 
No induced air currents w i l l  be present.  
4.  The same air currents w i l l  be induced as i n  No. 2 above, 
but t h i s  time with diffuse illumination. 
The evaluation of t h e  images formed from these  holograms should 
provide addi t ional  information as t o  t h e  e f f ec t s  of air  currents 
on t he  i m a g e s .  
I n  an e f f o r t  t o  reduce the exposure time required f o r  diffusely 
illuminated holograms, it is planned t o  subs t i t u t e  a holographic 
image of a diffuser f o r  t h e  actual diffusing m e d i u m .  A hologram 
can be m a d e  by using the l i g h t  diffused by Kodak Fine Ground Glass 
8s an object beam, as shown i n  Figure 19. Upon reconstruction, 
the  d i f f rac ted  first order beam which contains the image of the  
ground glass w i l l  i l luminate an object transparency, which w i l l  
serve as a new object beam (Figure 20). Although the  image of the  
diffuser w i l l  not be as intense as if the  ground glass i tself  were 
illuminated by t h e  l a se r ,  it w i l l  not s c a t t e r  over 2n steradians 
as the  actual diffuser would. Instead, almost a l l  of the  avai lable  
light w i l l  pass through the  object transparency and expose t h e  hologram 
recotdiag plate, r&ulting in an expected reduction in exposure 
time and better i m a g e  quality. 
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EYNAEIC MEASUREME3TS 
Trans  duce r Calibration 
V. E. Horn 
I. Introduction 
The study of t h e  f eas ib i l i t y  of measurirg extremely s m a l l  
o sc i l l a to ry  motions such as m i g h t  be associated w i t h  t h e  cal ibrat ion 
of miniature accelerometers has been primarily directed toward 
upgrading of e q u i p e n t  and technique. The measurement of s m a l l  
osc i l la tory  motions of 20 angstroms and larger should allow t h e  
ca l ibra t ion  of any miniature accelerometer i n  t h e  frequency range 
from several kilocycles up t o  U O  kilocycles per second. If a cal ibrat ion 
technique f o r  such transducers can be made prac t i ca l ,  t h e  laser 
interferometer w i l l  provide means of measuring both t h e  excursion 
and frequency of vibrat ion of the transducer. 
A measurement of 20 angstroms resu l t s  i n  an e l e c t r i c a l  s igna l  
from t he  interferometer t h a t  lies w i t h i n  the noise of t h e  present 
system. The primary e f fo r t  at t h e  present time is directed toward 
learning what components i n  the  system contribute t o  t h e  noise 
l e v e l  and what may be &ne t o  reduce their  undesirable properties.  
Improvements on t h e  interferometer up t o  t h e  present time have 
resulted i n  a reduction by a factor  of 10 i n  noise and in s t ab i l i t y  
of t h e  overa l l  system. Therefore, t h e  lower l i m i t  of detection 
of osc i l la tory  motion is considerably smaller than tha t  measureable 
i n  earlier work. 
11. Work -Performed 
As reported i n  the  Progress Report of June 6, 1966, 
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me of the first steps taken t o  reduce the  system noise w a s  t o  mount 
the entire interferometer on a 30 by 30 by 4 inch marble slab polished 
on one side.  
provide i so l a t ion  f r a n  randam vibrations of t h e  f loor .  
pads w e r e  calculated t o  have a vibrekional period of from one t o  
two seconds. 
and extremely noisy lasem were avai lable .  
This slab w a s  in turn mounted on four air pads t o  
The air 
A t  t h e  time t h i s  assembly was completed, G n ~ - S r ~ d l  
"he laser was mounted on t h e  i so l a t ed  t ab le  w i t h  t he  associated 
opt ica l  and e l e c t r i c a l  equipment. 
a more stable mounting system, it was immediately evident tha t  the 
laser noise w a s  greater than could be to le ra ted .  
end more powerful laser (10 milliwatts cw Spectra physics Model  
112) was ordered t o  be used for t h i s  pa r t i cu la r  pro jec t .  
techniques f o r  actual ly  measuring vibrat ion and reducing the data 
t o  usable information w e r e  studied w i t h  the  s m a l l  interferometer 
tab le .  
Even though the  t ab le  provided 
Therefore, a quietet 
Meanwhile, 
If the measurement of vibration is  t o  be performed w i t h  only 
one voltage measurement from t h e  photo mixer, it is mandatory tha t  
t he  center of t he  osc i l la tory  motion (and thus the rest point  of 
the l ight  modulation) be located ha l f  way between t h e  maximum and 
minimum of a quarter  wave interference band. This results i n  an 
e l e c t r i c a l  s igna l  tha t  i s  equal i n  amplitude on either side of t h e  
rest p o i n t .  
motion centered as described above and Figure 21B shows the interference 
signal received from motion not i n  t h e  centered condition. 
determination of t h e  ac tua l  amplitude of movement from t h e  latter 
Figure 2l.A shows t h e  interference s igna l  received from 
The 
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signal would require measurement of, the maximum and minimum of t h e  
s ignal .  
between the end point  posi t ions resulting i n  the  ac tua l  excursion 
of the surface. 
where the rest posi t ion of the interference l i es  i n  the center of 
the l igh t  band, the interference s igna l  w i l l  be symmetrical about 
the rest point.  Therefore, only one measurement w i l l  result i n  
complete knwledge of the movement; provided of course the movement 
i s  less than one quarter  of a wave. 
Two calculations would be required, with the difference 
Hawever, i n  t he  previously mentioned condition, 
It became necessary t o  provide a method f o r  changing the  length 
of the reference path of t he  Michelson interferometer r e l a t i v e  t o  
the active path t o  enable t h e  r e s t  pofnt of the  interference signal  
t o  be posit ioned at the center of a l i g h t  band. 
at adJusting the  interferometer path lengths employed a d i f f e r e n t i a l  
micrometer capable of reading one mill ionth of an inch movements. 
The micrometer i t s e l f  proved sa t i s fac tory ;  however, any attempt 
to  rotate the  micrometer screw upset t he  e n t i r e  system so that  t he  
device had t o  be remotely operated by some type of motor, which 
of course became considerably more complicated than necessary. 
the  micrometer screw did allow scanning through quarter  wave peaks 
so t h a t  the  measurement of the  peak-to-peak amplitude of quarter  
wave interference could be perfomned without driving the transducer. 
A t  t h e  time t h i s  work w a s  being carr ied out t h e  vibrat ion source 
w a s  a Western Elec t r ic  Dynamic Microphone w i t h  a small r e f l ec to r  
mounted on the  moving diaphragm. 
was  ins ta l led i n  t he  reference path and used t o  adJust t h e  length 
The first attempt 
However, 
Another one of these microphones 
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of tha t  path by applying D.C. voltage t o  the c o i l  t o  t h e  microphone. 
This way t he  diaphragm could be made t o  move t o  and remain at any 
desired posit ion.  
The only problem w i t h  th is  assembly w a s  tha t  when the current  
t o  the microphone was changed it resulted i n  a s m a l l  but s ign i f icant  
change i n  the temperature of the  microphone, so t ha t  it w a s  d i f f i c u l t  
t o  maintain a fixed path lewth. 
moved t o  a new precision t a b l e  and used with the  larger and less 
noisy laser previously mentioned. 
thousand pound granite block with an extremely f lat  surface. 
The e n t i r e  interferometer w a s  
The new table consisted of a two 
This block w a s  mounted on air feet similar t o  those used on 
t h e  -le table bu t  soarewhat larger so that  approximakely 12 pounds 
of sir pressure w a s  required t o  suspend t h e  g ran i t e  table. 
period of t h i e  table has been determined to be between one and two 
seconds. The overall system noise  w a s  reduced considerably by the 
application of t he  larger and more massive momtine for t h e  i n t e r -  
ferometer and t h e  new laser. 
not greater than l% peak-to-peak in t ens i ty  modulation short  term. 
In attempting t o  further reduce the noise level from t h e  photo mixer, 
a s m a l l  broadcast receiver was altered t o  accept a mechanical f i l ter  
i n  place of t h e  first IF transformer. This mechanical f i l ter  w a s  
resonant at  455 KC w i t h  36b down point  at + 1% KC. 
the photo mixer w a s  then mixed w i t h  the loca l  o s c i l l a t o r  s igna l  
generator creating a 455 KC side band which passed through t h e  f i l ter  
and amplified. 
of two. 
The 
This laser was guaranteed t o  have 
The signal from - 
This resulted i n  a reduction of noise by a fac tor  
t -50 - 
The amplitude of the  signal t h a t  passes through t h e  mechanical 
f i l t e r  is  a d i rec t  function of t h e  amplitude of t he  s igna l  from 
t h e  photo mixer (assuming the  local  o sc i l l a to r  is  a constant amplitude). 
The use of t h i s  secondary measurement has been temporarily suspended 
i n  favor of a more d i rec t  method. 
which w i l l  allow s e t t i n g  the  band pass of t h e  system at any desired 
width and at any par t icu lar  frequency w i l l  be used. 
A variable band pass f i l t e r ,  
The upper and lower end of t h e  f i l t e r  response is adjustable 
from one hundred cycles t o  10 meeacycles. I n  addition t o  working 
on the system noise, consideration w a s  given t o  t h e  best possible 
configuration f o r  t h e  interferometer. 
reflected radiation f m  the interferometer not be re f lec ted  back 
i n t o  t h e  laser, since t h i s  results i n  additional interference which 
causes var ia t ion  i n  t h e  amplitude of the  l i g h t  arr iving a t  t h e  
interferometer. Although various designs (such as off  angle) were 
tested, each resul ted i n  some reduction i n  t h e  qual i ty  of t h e  s igna l  
from t h e  photo mixer because the beams frm t h e  reference and working 
paths did not a r r ive  at t h e  photo mixer w i t h  t h e  proper wave f ront  
relationship.  Therefore, it was decided t o  use corner re f lec tors  
so t h a t  t h e  returned beam from each r e f l ec to r  would be offset by 
t h e  dimensions of t he  corner re f lec tor ,  thus eliminating t h e  poss ib i l i ty  
of radiat ion being re f lec ted  back i n t o  the  laser. 
111. Conclusions 
It i s  necessary t h a t  t h e  
Work performed on t h i s  project t o  date indicates  t h a t  t h e  
interferometer method of measuring osc i l la tory  motion w i t h  a Michelson 
interferometric and a laser source appears t o  be p rac t i ca l .  The 
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rower l i m i t  of such measurement will finally be set  by t h e  noise 
created at  the laser source. 
available has approximately % of 1% amplitude nodulation short  term. 
This would allow a measurement of 20 angstroms w i t h  b e t t e r  than 
a two-to-one signal-to-noise r a t io  which should be sa t i s fac tory  
f o r  accurate measurement. However, there  are a number of d r i f t  
and s t a b i l i t y  considerations tha t  m u s t  be understood before the  
noise of the  laser becomes the  l imiting fac tor .  
I V .  Future Work 
A t  t h e  present t i m e  t he  bes t  source 
-
I n  t h e  near fu ture  the  e f f o r t  w i l l  be toward determining what 
elements within the  system t r u l y  influence t h e  s t a b i l i t y  and what 
can be done with these elements i n  order to improve the  overal l  
technique. Ceramic crystals  were recently employed fo r  vibratory 
sources and t h e  immediate resul ts  a r e  encouraging. However, l i t t l e  
data are available from the  system using t h e  c rys ta l s  since they 
have been employed only recently. One immediate benef i t  is  t h a t  
the  range has been extended t o  100 KC. 
sens i t ive  c rys ta l s  a r e  being purchased i n  order t o  lower t h e  required 
driving energy f o r  a given transducer excursion. 
A t  t h e  present t i n e ,  more 
-52- 
BIBLIOGRAPHY 
Bates, 11. J., Proc. Phys. SOC. (London) B59, 940 (1947) 
Brooks, R. E., Heflinger, L. 0 .  and Wuerker, R .  F., Appl. 
phys. Letters - 7 9 ,  248 ( r h .  1965) 
Jacobson, A .  D. and McClung, 3'. J. ,  Appl. Optics 4 11, 1509 
.. . 
( 1965 1 
Brooks, R .  E. ,  Heflinger, L.  0. and Wuerker, R .  F. ,  Appl. 
Phys. Letters 3_ 9, 92 (1965) 
Heflinger, L. O . ,  'IJuerker, R.  F.  and Brooks, R .  E . ,  J. Appl. 
phys. - 37 2 ,  642 (1966) 
Born, M. and Wolf, E . ,  "Principles of Optics" PerRamon Press, 
London, 318 (1959) 
Brooks, R. E., Heflinger, L. 0. and Gluerker, R .  F., J. Quantum 
Electron - QE-2 8, 275 (1966) 
Stetson, K. A. and Powell, R .  L. ,  J. Opt .  SOC. Am. 5 9 9 ,  1165 
( 1966 1 
DeMaria, A.  J. ,  S te t ser ,  D. A .  and Heynau, H. ,  Appl. F'hys. 
Letters - 8 7, 174 (April ,  1966) 
Gabor, D. ,  Nature -3 161 777 (1948); Proc. Ray. SOC. (London) 
A197 454 (1949) 
Stroke, G.  and Restrick, R . ,  Appl. Phys. Letters  1, 299 (1965) 
Peters, P. J., Appl. Phys. Letters 8 209 (1966) 
Dodd, J. G.,  Let ter  Report, "The Holographic Transformation", 
NASA Grant NsG 713 (April 29, 1965) 
k i t h ,  E. N. and Upatnieks, J., Sc ien t i f i c  American - 212 24 (1965) 
k i t h .  E. 11. and UDatnieks. J.. J. O n t .  SOC. Am. 52 1123 (1962) 
-53- 
(16) 
(17) lb id . ,  p 229-231 
(18) lb id . ,  p 230 
(19) 
(20) Ibid.  5 5 8 ,  983 (1965) 
(21) 
(22) 
Stone, J . ,  "Radiation and Optics", McCraw-Hill, N.Y. (1963) p. 144 
k i t h ,  E. N. and Upatnieks, J., J. Opt. SOC. An. 54 11, 1295 (1964) 
Rigden, J. D. and Gordon, E. I., Proc. of IEEE 50 11, 2367. (1962) 
Terman, F. E . ,  "Electronic and Radio Engineering", 4th Ed., 
McGraw-Hill, N.Y. 967 
THE 
F'GlJl?E I 
SORTING OF HOLOGRAPHIC INFCRMATION 
I NTE RF ERE N CE FI LTE R x 
LASER BEAM POINT FOCUS 
I 
TRANSPARENCY 
FIGURE 2 
APPARATUS FOR RECONSTRUCTION 
VARIABLE STOP 
HOLOGRAM 
c 
- - 
LASER BEAM 
I 
- 
c 
__c_i 
3 
I 
R E CON S T R i) C T I C: N 
. .  I 
FIGURE 3 
VACUUM CHAMBER WITH PINHOLE 
VACUUM CHAMBER 
MOVABLE PINHOLE 
TO VACUUM 
~ 
- 
I 
- 
FIGURE 4 
JACOBSON - McCLUNG SYSTEM WITH VACUUM CHAMBER ADDED 
MIRROR 
HOLOGRAM VACUUM CHAMBER 
WITHOUT PINHOLE 
T R AN SPAR E N CY 
LASER 
BEAM 
APERTURE / SPLITTER 
FIGURE 5 . 
VACUUM CHAMBER 
WITHOUT PINHOLE 
- - r
-  LASER 
APERTURE SPLITTER 
FIGURE 6 
SETUP FOR CONSTRUCTION OF FIRST HOLOGRAM 
.-- 
REFERENCE 
- 
t 
L -
HOLOGRAM HI 
- 
I 
INFORMATION BEAM ( I 
FIGURE 8 
HOLOGRAM RECONSTRUCTION SETUP 
. .  
W n 
a 
f a 
w 
0 
LL: w 
J 
0 
I 
n 
- 
J rn 
I 
‘t 
f 
FIGURES IO AND I I  
RECONSTRUCTIONS O F A  SING! F 3LiT 
J 
FIGURE 2 
RECONSTRUCTIONS OF MULT PLE SLITS 
12 8 
12 c 
FIGURE 
RECONSTRUCTIONS OF 
2 
MULTIPLE SLITS 
I2 0 
12 E 
12 F 
FIGURE 13 
RECONSTRUCTIONS OF MULTIPLE SLITS 
I3 A 
FIGURE 14 
RECONSTRUCTION OF A PHOTOGRAPH 
14 A 
I4 8 
FIGURE 15 
EFFECTIVE BEAM ANGLE VARiATiON I 
HOLOGRAM PLANE 
OBJECT PLANE 
REFERENCE 
B I I OBJECT BEAM 
-.- 
FILM PLATE 
FIGURE 16 
HOLOGRAM - MAKING SYSTEM 
1 
BEAM 
OBJECT BEAM 
@ 
~ 
~ 
+ I  r - 
, ’  
1 FIGURE 17 
c 
IMAGE GRANULARITY AS A FUNCTION OF APERTURE 
LASER ILLUMINATION 
IMAGE PLANE 
t- 2f 4 I 
1 
_ _ _ ~  - 
FIGURE 18 
HOLOGRAM AND RECONSTRUCTED REAL IMAGE 
OF AN OBJECT 
D 
L 
HOLOGRA 
I \ \ 
\ 
\r 
irr 
0 0 OBJECT IMAGE 
PLANE 4 
DIFFUSER r, 
/ 
0 
0 
\ 
\ 
IMAGE 1 
0 
\ 
PLANE I \ 
DIFFUSER IMAGE 
PLANE 2 
HOLOGRAM OF 
DIFFUSER 
FIGURE 19 
- 
SYSTEM FOR MAKING A HOLOGRAM 
OF A GROUNDGLASS SCREEN 
-- _ _  ___----- -- E, __ 
- 
FIGURE 20 
USING THE GROUND GLASS IMAGE 
TO ILLUMINATE AN OBJECT 
REAL IMAGE OF GROUND GLASS 
- .--- - 
R ECON S T R U CT I N G BE AM 
. - ____- -- 
I 
HOLCGRAM A 
INTERFERENCE SIGNAL RECEIVED FROM CENTERED MOTION 
I 
I 
1 
I 
I 
EXCURSION 
CENTER OF LIGHT BAND 
REST POINT 
c 
FIGURE 218 
INTERFERENCE SIGNAL RECEIVED FROM 
CENTER OF LIGHT BAND 
EXCURSION -1 1 t-' 
\REST POINT 
